Overexpression of c-Myc is one of the most common alterations in human cancers, yet it is not clear how this transcription factor acts to promote malignant transformation. To understand the molecular targets of c-Myc function, we have used an unbiased genomewide location-analysis approach to examine the genomic binding sites of c-Myc in Burkitt's lymphoma cells. We find that c-Myc together with its heterodimeric partner, Max, occupy >15% of gene promoters tested in these cancer cells. The DNA binding of c-Myc and Max correlates extensively with gene expression throughout the genome, a hallmark attribute of general transcription factors. The c-Myc͞Max heterodimer complexes also colocalize with transcription factor IID in these cells, further supporting a general role for overexpressed c-Myc in global gene regulation.
T he oncogene c-myc is frequently associated with human malignancies and plays a critical role in regulating cell proliferation, growth, apoptosis, and differentiation (1) (2) (3) (4) (5) (6) . Studies in rodent model systems have shown that overexpression of c-Myc can cause malignant transformation, and that sustained tumor growth depends on its continued expression (7) (8) (9) (10) (11) (12) . The molecular mechanisms by which c-Myc functions to effect tumorigenesis have been the subject of extensive research in the last several decades.
Several lines of evidence suggest that c-Myc may cause transformation through its function as a sequence-specific transcription activator. First, the c-Myc protein, along with the Max protein, can specifically recognize DNA sequences with a core motif of CACGTG (13, 14) . The domain that is required for c-Myc DNA binding, the basic helix-loop-helix zipper domain, is essential for its oncogenic transformation (15) . Second, c-Myc possesses an N-terminal transactivation domain. Deletions or mutations in this domain result in loss of c-Myc transformation (15) . This model implies that c-Myc may cause transformation by activating a select set of genes that in turn play key roles in malignant transformation (3) . Throughout the years, a large number of genes targeted by c-Myc regulation either directly or indirectly have been found. However, such ''transformation'' genes remain elusive (16) .
Some evidence suggests that c-Myc may promote transformation through different mechanisms. First, the transcriptional activation potential of c-Myc does not always correlate with its ability to transform rodent fibroblast cells (4) . For example, several studies showed that mutations in the Myc box II domain within c-Myc can abrogate its transformation capacity without affecting c-Myc activation of reporter gene constructs (17, 18) . Second, c-Myc also acts as a transcriptional repressor. The mechanism of c-Myc-mediated repression is not entirely clear but in some cases may involve the association of c-Myc͞Max with transcriptional activators (19) (20) (21) . Because some of the genes normally repressed by c-Myc are key cell-cycle regulators, it is conceivable that c-Myc-mediated repression of these genes may also contribute to tumorigenesis (22) .
More recently, it was shown that c-Myc could directly activate RNA polymerase (pol) III promoters (23) . Because most pol III promoters lack the canonical c-Myc binding sites, it was demonstrated that c-Myc-regulated transcription from pol III promoters occurs through its association with the transcription factor IIIB (TFIIIB) complex, which is a pol III-specific general transcription factor. This suggests a potentially broad role for c-Myc in regulating gene expression and raises the possibility that c-Myc may use a similar mechanism in regulating pol II promoters.
Identifying the genomic binding sites of c-Myc in cancer cells should help resolve the long-standing questions regarding mechanisms of oncogenic transformation by c-Myc. As an initial effort to characterize c-Myc DNA binding in vivo, we used a genomewide location-analysis approach that allows the determination of transcription factor-binding sites throughout the genome (24, 25) . This method has allowed identification of the DNA-binding sites in the yeast genome for proteins involved in transcription, chromatin modification, and DNA replication (26) (27) (28) (29) (30) (31) . More recently, the same approach has been used to reveal the promoters directly bound and regulated by the E2F transcription factors in human cells (32, 33) .
Here we report experiments designed to identify genomic binding sites of c-Myc in Burkitt's lymphoma cells, which express high levels of c-Myc due to a chromosomal translocation (34) . We show that the overexpressed c-Myc binds to a large number of gene promoters in these cancer cells, amounting to nearly 15% of the loci tested. Furthermore, the DNA binding by c-Myc generally correlates with global gene transcription activities and largely coincides with binding of the general transcription factor TFIID throughout the genome. A majority of the c-Myc target genes we identified are expressed in other cell types in a manner correlated with c-myc mRNA levels. Taken together, these results suggest a rather general role for c-Myc in the regulation of genome expression in many cancer cells.
Methods
Design and Manufacturing of Human Promoter Microarrays. To conduct a comprehensive analysis of the genomic sites of c-Myc in human cells, we developed a DNA microarray (henceforth referred to as the hu6K array) that contained PCR products spanning the proximal promoters of 4,839 human genes chosen from the NCBI Refseq database. These genes were selected because their promoters were best-annotated, and there was a clear function associated with each gene. The DNA fragments have an average size of 900 bp and typically cover the sequence from 650 bp upstream to 250 bp downstream of the transcription start site in a gene. The choice of these regions is based on previous observations that human transcription factors frequently bind to proximal promoter sequences (32) . The hu6K array also includes 729 coding sequence and 221 genomic regions Ͼ1 kb upstream of the transcription start site of a gene. The latter two categories of sequences serve as internal controls for the location analysis. The description of all the sequences on the hu6K array can be found in Array Description, which is published as supporting information on the PNAS web site, www.pnas.org.
We designed oligonucleotide primers to amplify the genomic regions discussed above using the PCR. After PCR amplification, we purified each DNA fragment, verified the product by agarose gel electrophoresis, and then spotted the purified DNA to GAPSII glass slides (Corning) using a contact printer (Cartesian Technologies, Irvine, CA). After UV crosslinking, the glass slides were stored under vacuum until use.
Genome-Wide Location Analysis.
A detailed protocol for genomewide location analysis with mammalian factors can be found in Supporting Materials and Methods. Briefly, Daudi cells (a gift from William Sugden, University of Wisconsin, Madison) were grown in flasks with RPMI medium 1640 supplemented with 10% FBS͞100 units/ml penicillin͞100 g/ml streptomycin to a density of 10 9 per liter at 37°C in 5% CO 2 . A total of 10 9 proliferating Daudi cells were fixed with formaldehyde, harvested, and disrupted by sonication. To enrich for target genes bound to a transcription factor, we immunoprecipitated the resulting chromatin fragments with polyclonal antibodies that specifically recognize c-Myc (sc-764), Max (sc-197), E2F1 (sc-193), TAF II 250 (sc-735), or pol II (sc-9001), obtained from Santa Cruz Biotechnology. After reversal of crosslinks, the purified and enriched DNA was amplified by ligation-mediated PCR and subsequently labeled with the Cy5 fluorophore by random priming. For purposes of normalization, we also performed ligation-mediated PCR on DNA that was not enriched by immunoprecipitation and labeled the amplified sample with a second fluorescent dye, Cy3. Chromatin immunoprecipitation (ChIP)-enriched and nonenriched (total input) pools of DNA were mixed with Cot-1 DNA to suppress annealing of repetitive sequences and hybridized under stringent conditions to a hu6K array. DNA microarray hybridization was carried out as described in ref. 32 . The microarray then was analyzed by using a GenenPix 4000B scanner (Axon Instruments, Foster City, CA). Data Analysis. Analysis of microarray scanning images was performed according to published protocols (24) with modifications (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site). Data from independent replicate experiments were combined (24) . An average enrichment ratio was calculated for each DNA species on the array from at least three replicate data sets. The binding of a factor to DNA was deemed significant if the average P value was Ͻ0.001. By using these criteria, no DNA achieved signifi- cance in control experiments where input DNA was compared with the same DNA. The Supporting Raw Data Set containing processed microarray data is published as supporting information on the PNAS web site.
Conventional ChIP. Confirmation of a select number of c-Myc͞
Max target sites by the conventional ChIP method was performed according to ref. 32 . The primers used for amplification of genomic sequences corresponding to each binding site were MARS (5Ј-aagtgcgacttgccctaaaa-3Ј and 5Ј-ccatgcagctgggactaca-3Ј), ATF4 (5Ј-ctcctttcgtgaggccataa-3Ј and 5Ј-cgcgcagagaaaactacatct-3Ј), TTF2 (5Ј-ggtaaggggctagggtctca-3Ј and 5Ј-cccagctcaagacctactcg-3Ј), CKN1 (5Ј-ggctctcacttttccctcct-3Ј and 5Јcatgggttggtctcaggatt-3Ј), and control (5Ј-tgggtttggtaggggacata-3Ј and 5Ј-ctgggctctgctggctta-3Ј). The control PCR product lies 9,595 bp upstream of the transcription start site in the CAD gene.
Results

Widespread DNA Binding by c-Myc͞Max in Burkitt's Lymphoma Cells.
We first examined the promoter occupancy by c-Myc in Daudi cells, an established cell line originally derived from a Burkitt's lymphoma patient (34, 35) . These cells express a high level of c-Myc and have been used extensively as an experimental system to study the role of c-Myc in tumorigenesis. We performed five independent c-Myc location-analysis experiments and averaged the results using an error model described in Supporting Materials and Methods (Fig. 1A) . The analysis indicates that c-Myc is associated with the promoters of 876 genes based on a P value Յ0.001. Because c-Myc binds to DNA as a heterodimer with Max, we also performed five independent location-analysis experiments using antibodies that specifically recognize Max. A total of 931 gene promoters was found to be associated with Max in vivo (Fig. 1B) . As a control, we carried out immunoprecipitation in the absence of specific antibodies. Only 32 gene promoters were enriched under such conditions, most likely because of their nonspecific interactions with the magnetic beads used in these experiments (Fig. 1C) .
Several measures suggest that our location analysis is very robust and highly reliable. First, there is a significant overlap between the set of gene promoters bound by c-Myc and those bound by Max. A total of 776 gene promoters bound both proteins, accounting for 88% of the observed c-Myc binding sites and 83% of the observed Max binding sites ( Fig. 1D ). Second, consistent with previous knowledge, c-Myc and Max rarely bind to the coding sequences represented on the hu6K array. There is only 1.1% occupancy by c-Myc and Max for these regions compared with the 15% occupancy on gene promoters by both proteins (Fig. 1E ). Assuming that observed binding of c-Myc and Max to coding sequences are false positives, we then estimate that the false-positive rates for the c-Myc͞Max complex binding results is 7%, which is in line with previous estimates of false-positive rates of genome-wide location-analysis experiments (26) . Third, we used the conventional ChIP method with a select set of c-Myc͞Max target genes and confirmed all their in vivo protein-DNA interactions (Fig. 1F ).
Based on this analysis, we estimate that at least 93% of the gene promoters identified as bound by c-Myc and Max in this study are true positives. Therefore, the c-Myc͞Max complexes occupy at least 721 of 776 (93%) gene promoters, or nearly 15% of the 4,839 gene promoters examined, in Daudi cells. Because these genes are an unbiased selection of all human genes, c-Myc͞Max complexes probably bind to close to 15% or 4,500 of the human genes in these Burkitt's lymphoma cells.
The DNA Binding of c-Myc and Max Corresponds to Genome Transcription Levels. In most cell types, only a small fraction of the genome is expressed. Because c-Myc binds to almost 15% of the human genes in Daudi cells and has a known function as a transcription activator, one prediction is that c-Myc DNA binding would correlate with global gene expression in these cells. To test this hypothesis, we analyzed the correlation of c-Myc or Max DNA binding and gene expression in Daudi cells. As a measure of the gene expression, we used previously reported transcriptome data obtained from the Daudi cells (36) . We divided the total gene promoters represented by the hu6K array into 17 groups based on their transcription activity and plotted the Fig. 2 , which is published as supporting information on the PNAS web site). The lower and upper boundaries of log 10-transformed gene-expression values for these groups are distributed evenly between Ϫ1 and 5. The fraction of promoters bound by each factor in every group is plotted with regard to the log 10-transformed transcription activity for the group. (B) Table showing the pairwise comparison of genomic binding profiles of c-Myc, Max, pol II, and E2F1 with respect to genome expression. P values were calculated based on two-factor ANOVA analysis without replicate. fraction of c-Myc-bound promoters in each group with regard to transcription activities for genes in the group (Fig. 2A) . The analysis indicates a strong correlation between c-Myc DNA binding and global gene transcription ( ϭ 0.96). Nearly 50% of the highly active promoters bound c-Myc in Daudi cells, and the promoter occupancy gradually decreases in gene groups with lower promoter activities. Similarly, there is also a strong correlation ( ϭ 0.95) between the DNA binding by Max and genome transcription activities ( Fig. 2 A) .
The extensive correlation between c-Myc's DNA binding and global gene transcription not only confirms our prediction of c-Myc function in Daudi cells but also reveals an extensive role for this oncogenic transcription factor in global gene regulation, a role that usually is associated with general transcription factors. To assess the similarity between the role of c-Myc in genome transcription and that of a general transcription factor, we performed genome-wide location-analysis experiments to identify the genomic binding sites of pol II in Daudi cells. As a control, we also examined the DNA binding of a typical transcriptional activator, E2F1, in these cells (32) . In Fig. 2 A, the percentage of promoter occupancy by pol II and E2F1 is plotted with regard to levels of promoter activities in the 17 gene groups discussed above. Although the DNA binding for both proteins seems to correlate with genome transcription activities, the DNA-binding profile of E2F1 with respect to global gene expression is markedly different from that of pol II (P ϭ 0.0047), c-Myc (P ϭ 0.0003), and Max (P ϭ 0.0002) when analyzed by using a two-factor ANOVA method (Fig. 2B) . By contrast, the DNA-binding profile of pol II is indistinguishable from that of c-Myc (P ϭ 0.50) and Max (P ϭ 0.44) by using the same analysis. This result strongly suggests that c-Myc and Max act more like a general transcription factor than a sequence-specific transcription factor in Daudi cells. c-Myc and Max Colocalize with TFIID on Gene Promoters. The similar DNA-binding profiles with respect to genome expression between c-Myc and pol II supports the model that c-Myc may play a general role in gene transcription in Daudi cells. To further confirm this and explore the mechanisms of its action in Daudi cells, we tested whether the DNA binding of c-Myc coincides with other general transcription factors. In particular, because c-Myc was shown to interact directly with TATA-box-binding protein (TBP) (37, 38) , the core component of the general transcription factor TFIID, we tested whether c-Myc colocalizes with TFIID on gene promoters.
We performed three independent genome-wide locationanalysis experiments to identify the gene promoters associated with TAF II 250, the largest subunit of TFIID, in Daudi cells (39, Fig. 4 . Expression of c-Myc͞Max target genes correlates with levels of c-myc transcript in human tissues and cell lines. (Left) Two-way clustering was performed on the expression data corresponding to 453 c-Myc͞Max target genes in 46 human tissues and cell lines. The expression data for each gene were log-transformed and normalized such that the median log expression value is 0. The gene-expression values were represented by using a red-green color scheme, with red corresponding to higher-than-median expression values and green corresponding to lower-than-median expression values. The expression data corresponding to different genes are arranged from left to right, and different tissues are arranged from top to bottom. (Right) The c-myc mRNA levels in the corresponding samples, as measured by using Affymetrix GeneChip, are shown on a bar graph. 40). The analysis identified a total of 1,157 gene promoters occupied by TFIID (with a false-positive rate of 6% estimated from its observed DNA binding to coding sequences). In Fig. 3 , the set of TFIID-bound promoters is compared with promoters bound by the c-Myc͞Max complexes. A majority (603 of 1,157) of the promoters occupied by TFIID is also bound by c-Myc͞ Max, whereas almost all the c-Myc͞Max-bound promoters also harbor TFIID in Daudi cells. The number of common binding sites between TFIID and c-Myc͞Max (603) far exceeds a random overlap between two similar groups (185, with P Ͻ Ͻ 0.001, 2 test), suggesting that c-Myc functions together with TFIID in regulating global gene expression.
Expression of c-Myc͞Max Target Genes Correlates with c-myc mRNA
Levels in Diverse Tissues and Cell Lines. We next asked whether the promoters bound by c-Myc͞Max are expressed in a c-Mycdependent fashion. For this purpose, we compared the expression of these genes in a variety of human tissues and cell lines in which c-Myc transcript levels range from undetectable to very high (36) . Among these c-Myc͞Max targets, some genes were not included in the previous study, and many could not be reliably detected in the various samples. Therefore, these genes were excluded from this analysis. The remaining 453 c-Myc target genes were clustered based on their expression levels in these tissues and cell lines. As shown in Fig. 4 , gene expression from a majority of the c-Myc͞Max target promoters corresponds with c-myc mRNA levels (Class A). Genes in this category include known c-Myc target genes such as CAD, LDHA, p53, and JTV1. Interestingly, there is a small group of c-Myc͞Max target genes with expression that inversely correlates with c-Myc mRNA levels (Class B). Among these genes is the gene encoding the cdk inhibitor p27, a known target of c-Myc repression. The identities of these genes can be found in Supporting Data Set for Fig. 4 , which is published as supporting information on the PNAS web site.
Discussion
A General Role for c-Myc in Global Transcriptional Regulation in
Cancer Cells. Overexpression of the c-Myc gene has been associated with a large number of human malignancies (5) . Although extensive research has been focused on the molecular function of this protein, it remains unknown how c-Myc promotes malignant transformation. In this study we attempted to identify the genomic binding sites for c-Myc and Max complexes in Burkitt's lymphoma cells. The results strongly suggest that c-Myc plays a general role in global gene regulation in these cells. First, we showed that the c-Myc͞Max complexes bind to a large number of gene promoters in Burkitt's lymphoma cells, accounting for nearly 15% of genes tested. Second, DNA binding of c-Myc strongly correlates with transcription activities throughout the genome and resembles the genomic binding profile of pol II but not that of the sequence-specific transcription factor in the same cells. Third, c-Myc and Max extensively colocalize with the general transcription factor TFIID. Finally, expression from most c-Myc͞Max target promoters corresponds to c-myc transcript levels in a diverse panel of human tissues and cell lines. Based on these observations, we propose a model whereby c-Myc plays a general role in the regulation of global gene expression in Burkitt's lymphoma cells. This model is consistent with the recent findings that the Drosophila dMyc͞Max͞Mnt network is involved in regulating Ϸ15% of the genome (41) . gene expression and influence a wide spectrum of cellular pathways by acting on a large number of genes. Many of the genes we identified as c-Myc͞Max targets play key roles in signaling, cell-cycle regulation, DNA replication, protein biosynthesis, and energy metabolism (Table 1) , and their increased expression as a result from c-Myc overexpression would be expected to lead to dramatic changes in multiple processes such as an increase in the overall rate of cell-mass accumulation and shortened cell cycle. Interestingly, some c-Myc͞Max target genes we identified have been implicated previously in apoptosis. Activation of these genes, including p53, Daxx, and Dap3, most likely will sensitize cells to apoptotic stimuli and necessitate the accumulation of mutations in these pathways during expansion of the cell population. It is possible also that an increased rate of metabolism in Daudi cells may result in higher levels of reactive oxygen species and DNA damage, which may further sensitize cells for apoptotic signals (42) . Subsequent loss of function of p53 or BLC2 then could lead to unchecked cell growth and malignant transformation (1) .
Program of Tumorigenesis in Cancer
Models for c-Myc DNA-Binding Specificity in Cancer Cells. Our analysis of the sequences of the c-Myc-bound promoters in Burkitt's lymphoma cells indicates that the c-Myc recognition motif is not present in many of these target promoters. For example, only Ϸ26% of the promoters contain the CACGTG motif between 1,000 bp upstream of the transcription start site and the translation start site where it would be expected. Therefore, CACGTG motif-independent mechanisms may be used by c-Myc in its binding to gene promoters in Daudi cells. Two models could explain the widespread DNA binding of c-Myc in Burkitt's lymphoma cells. In the first model, a high level of c-Myc protein may allow it to bind to sequences that are different from the CACGTG motif and are not occupied by c-Myc in normal cells. These weak c-Myc binding sites could be variants of the CACGTG motif or completely different sequences and occur more frequently in the genome than the canonical c-Myc binding sites. Although this model is simple and can explain the increased DNA binding of c-Myc in Daudi cells, it does not explain the mechanisms of specificity of c-Myc DNA binding or the strong correlation between c-Myc DNA binding and global transcription levels.
In the second model, c-Myc may bind to DNA through its association with other sequence-specific transcription factors or general transcription factors. Indeed, c-Myc has been shown previously to directly interact with TATA-box-binding protein (TBP) (37, 38) , and we also demonstrate here that c-Myc DNA binding coincides with TFIID occupancy on gene promoters. Taken together, these results suggest that c-Myc may be recruited to gene promoters as part of general transcription complexes, especially in the absence of the canonical c-Myc binding sites. A similar mechanism has been implicated recently in c-Myc's activation of pol III promoters (23) . In this case, c-Myc binds to TFIIIB, a pol III-specific general transcription factor, and directly activates pol III transcription.
In conclusion, by analyzing the in vivo binding of c-Myc and Max to Ϸ5,000 gene promoters, we observed that c-Myc is involved in the regulation of a surprisingly large number of gene promoters in Burkitt's lymphoma cells. Such global transcriptional regulatory function by c-Myc may be a key mechanism that this oncogenic protein uses to promote tumorigenesis.
